Pseudomorphic GaAs 1−y Sb y quantum wells with 0.16 y 0.69 on (0 0 1) InP substrates have been grown using metal-organic chemical vapour deposition. High resolution x-ray diffraction and transmission electron microscopy analysis are used to quantify the layer thicknesses and compositions. Studies of the optical properties suggest that a transition from type-I to type-II band alignment occurs at an antimony concentration of approximately y = 0.30. The interband optical transition energies simulated using a ten-band k · p Hamiltonian are compared with the experimental values deduced from photoluminescence spectroscopy. The valence band offset bowing parameter is evaluated in the context of the experimental transition energies. For low Sb-contents, reasonable agreement (<7% deviation) is achieved between theory and experiment for the primary optical transitions. However, at higher Sb-content, there is significant deviation between the measured transition energies and the k · p based theory, possibly a result of a non-ideal interface and/or heterogeneous ternary well.
Introduction
Ternary GaAsSb alloys on InP substrates have applications in many advanced microelectronic and optoelectronic devices, such as high-speed double heterojunction bipolar transistors [1] , solar cells [2] , quantum well (QW) lasers [3] and photodetectors [4] .
GaInAs/GaAsSb type-II 'W' QW structures on InP substrates have been realized by Peter et al [5] , employing a superlattice (SL) active region consisting of compressively strained GaInAs and tensile-strained GaAsSb. Holmes et al [6] also proposed an InP-based type-II SL, consisting of GaInAs and GaAsSb alloys lattice-matched to InP, for avalanche photodiodes (APD) in the mid-IR wavelength range. In device applications, these structures have the advantages of individual layers possessing large direct bandgaps combined with the flexibility to adjust the detection wavelength by changing the alloy compositions and layer thicknesses in the SLs. Recently, we have investigated InP-based GaAsSbN/GaAsSb type-II QW structures for light emission over the 2-3 µm wavelength band [7] . However, high-quality GaAs 1−y Sb y /InP epitaxy by MOCVD remains difficult due to the low vapour pressure of antimony and the tendency towards Sb-based segregation effects at the heterointerfaces containing GaAsSb alloys. Few results have been published concerning the optical properties of strained GaAs 1−y Sb y QWs on InP substrates (reference [8] considers y = 0.42), since almost all the previous studies were performed on bulk GaAsSb alloys [9] [10] [11] [12] [13] [14] [15] . In particular, studies of highly strained QWs with compositions spanning the full range from GaAs to GaSb have not yet been reported. In this work, we have used photoluminescence (PL) spectroscopy to comprehensively study the optical properties of pseudomorphic GaAs 1−y Sb y /InP QWs with 0.16 y 0.69. These data are used to evaluate the conduction band offsets between GaAs 1−y Sb y and InP, and to observe the transition from type-I to type-II with Sb concentration. Simulations using a ten-band k · p Hamiltonian were carried out to correlate the calculated band structure with the experimental optical emission properties. While good agreement is obtained between theory and experiment for low-Sb content, significant deviations are observed for high Sb-contents, which will be discussed in terms of a possible non-ideal interface and/or heterogeneous ternary well.
Experimental details
The strained GaAs 1−y Sb y /InP QW were grown by metalorganic chemical vapour deposition (MOCVD) on (1 0 0) InP substrates at 550
• C and a reactor pressure of 100 mbar. Trimethylgallium and trimethylindium were the group III precursor materials, and PH 3 , AsH 3 and trimethylantimony were the group V precursors. The QW layer thicknesses and Sb concentrations, ranging from 0.16 to 0.69, were determined by combinations of high resolution x-ray diffraction (HRXRD), electron microprobe analysis (EMPA) and transmission electron microscopy (TEM). The x-ray diffraction spectra were fitted by a dynamical simulation model for HRXRD on-axis (4 0 0) ω-2θ scans. TEM was performed on selected samples to examine the crystallography, layer thickness and defect status of the QWs. Cross-sectional TEM samples were prepared by mechanical polishing and ion milling. TEM imaging was conducted using an accelerating potential of 200 KV. A closed-cycle helium cryostat was used for the PL characterization between 30 and 325 K. Photoexcitation was by an Ar-ion laser (λ ∼ 514.5 nm), and detection by liquid-nitrogen-cooled InSb and Ge photodiodes. The laser beam was unfocused with the laser beam area of ∼4π mm 2 and its intensity was relatively uniform across the small illuminated area of the sample. and compressively strained (y = 0.65, figure 1(b)) structures. The TEM images reveal uniform GaAs 1−y Sb y and InP layer thickness. Structural defects such as twins and dislocations are not observed either inside the GaAsSb/InP layers or at the interfaces. The origin of the dark contrast appearing at the GaAsSb/InP interface in the TEM images is not clear, although it could be a result of a non-ideal interface due to the formation of graded composition transitional layers, such as InSbP. Further studies are needed on the gas switching optimization to improve the GaAsSb/InP interface, as discussed in [8, 16] . The layer thickness of GaAs 1−y Sb y and InP were estimated to be in the range 4-6 ± 0.3 nm and 21-27 ± 0.3 nm, respectively, from TEM analysis. Based on the thickness error bars, we can estimate the antimony concentrational accuracy as y = ±0.01 using XRD dynamical simulation. The samples were also characterized by EMPA. The results from EMPA were found to be in agreement with those from HRXRD simulation within ±0.06 in Sb content. The Sb-mole fractions, ranging from 0.16 to 0.69, increased with decreasing AsH 3 /TMGa precursor ratio. Figure 2 shows HRXRD spectrum analyses for samples with low, medium and high Sb-contents. The well-defined pendellosung fringes indicate a sharp parallel interfacial structure. The strain states of the layers were determined from (1 1 5) reciprocal space maps (RSM) obtained from the high-and low-Sb content endpoint structures. The RSM from these samples indicates that the SL satellite spectral peaks exhibit sharp, well-defined features, suggesting that the GaAsSb/InP MQWs were grown coherently strained on the InP layers. Figure 3 (a) shows the PL spectra for all five SLs at 30 K. Several spectral features evolve as the Sb concentration increases. To analyse this evolution, the composite PL peaks were numerically modelled using two Gaussian peaks with the fitted energies listed in table 1. For low Sb content (e.g. sample B with y = 0.22), the spectra contain a primary peak and a lower-energy shoulder. By contrast, the spectra for higher Sb composition (e.g. sample D with y = 0.44) contain a primary peak with a higher-energy shoulder. The energy separations between the primary and secondary (shoulder) peaks are +28.88 ± 1.41 meV for sample B and −62.74 ± 0.67 meV for sample D. The lower frame of figure 3(b) illustrates the deconvolution of these two peaks, while the upper frame shows projected theoretical conduction and valence band-edge profiles. The assignment of sample C (y = 0.33) to a nearly flat band alignment is consistent with the report by Peter et al [15] of cross-over near y ≈ 0.27. The low-energy tail in the spectra for samples A and B may be due to localized states, similar to that observed for InGaAsN/GaAs QWs [17] . Among the samples investigated, sample C has the weakest PL intensity at room temperature (see figure 4 ). This may be due to the very weak electron confinement that results from the nearly flat conduction-band alignment. For this sample, the electron well conduction band offset was estimated to be 125 meV, 75 meV and −7 meV, using valance band offset bowing parameter of 1.30 eV, 1.06 eV and 0.70 eV, respectively. While two transitions are clearly observable in the low-temperature PL spectra for sample D ( figure 3(a) ), the modeled band offsets shown in figure 3 (b) do not account for the origin of the higher-energy transition.
Results and discussion
Since we do not expect electron localization in the GaAsSb, the intensity of type-I transitions should be minimal. One possible explanation is that spatial variations in composition and/or graded composition transitional layers [8, 16] result in regions of higher and lower band gap. Further studies are needed to establish the degree of alloy non-uniformities present in these films. The PL spectra were measured for laser pump powers varying by about a factor of 10, leading to a power density at the sample ranging from 1.27 to 7.00 W cm −2 . Over this range, we observed that the type-II PL peaks for samples D and E shifted to higher energies with increasing pump power intensity. This shift can be attributed to band-bending associated with charge separation in the type-II heterostructures. Increased pump power results in higher densities of electrons and holes accumulating on opposite sides of the InP/GaAsSb interface, which induces local electro-static bending of the InP conduction and GaAsSb valence band edges. Note also that the blueshift with increasing pump power is weaker for sample B than for sample E. Previous work on bulk GaAsSb alloys have attributed the PL peak with a power-dependent blue-shift of 4-5 meV to spatially direct type-I transitions [12, 13] . On the other hand, the lower-energy peak with its higher power-dependent blue-shift of ∼30 meV is attributed to indirect type-II transitions [15] . The luminescence was studied as a function of temperature to probe the QW system's conduction band alignment. Figure 4 shows Arrhenius plots of the spectrally normalized integrated PL intensities for samples A and C, with fitting parameters listed in the inset. The solid lines are fits of the data below 160 K to a model for thermally activated carrier escape from the QWs [18, 19] , as given by
Here I (T ) is the integrated PL intensity at temperature T , I 0 is the integrated intensity extrapolated to 0 K, E A is the [20, 21] . Also shown are the ground electron and hole states, E1 and HH1. activation energy for the thermal delocalization processes, C is a fitting parameter and k B is Boltzmann's constant. The integrated PL intensities for samples A and B (not shown here) decrease by a factor of ≈8 between 30 and 325 K, whereas that for sample C (assumed to have a nearly flat conduction band alignment) decreases by a factor of 54. The fitted activation energy for sample A is E A = 34 meV, which in this interpretation corresponds to the energy difference between the QW's confined energy state and the delocalized SL states. Sample C is found to exhibit a smaller E A value. Although the exact GaAs 1−y Sb y /InP band alignment as a function of Sb content is still a subject of debate [20, 21] , we should expect a smaller localization energy for sample C compared with sample A based on the computed band structure, as described below. Figure 5(b) shows the temperature-dependent PL spectra for sample A. The band alignment implies that the type-I transition should dominate at low temperatures, with the low energy tail possibly due to localized states. The plot of deconvoluted peak transition energy in figure 5(a) indicates a 25.4 meV decrease between 30 and 130 K. The spatially indirect type-II transition appears at T > 130 K, and its relative intensity increases with increasing T ( figure 5(b) ).
The PL peak energies for samples D and E, with staggered type-II band alignments, follow a Varshni-like temperature dependence. To illustrate this regime, figure 6(a) plots the temperature-dependent deconvoluted peak energies for [20, 21] . In a compressively strained QW at the zone-centre, the highest heavy-hole (HH) state lies above the highest light-hole (LH) state, so the dominant interband optical transition is E1 → HH1. The conduction band offset ( E cb ) of 137 meV in figure 6 (b) is deduced from the ten-band k · p simulation with band parameters and deformation potentials from [20, 21] , along with corresponding type-II and type-I transition energies of 751 meV and 894 meV, respectively. Table 2 lists the simulated transitions by the ten-band k · p model with adjusted valence band offset (VBO) bowing parameters for samples A, B, C and D. Employing a VBO bowing parameter of 1.06 eV [20, 21] leads to a nearly flat conduction band alignment for sample A and simulated transition energies larger than the experimentally observed (primary) PL peak energies given in table 1, except for sample D as discussed above. The deviations between the simulated transition energies and the primary PL peaks for samples A, B and C were found to be 7.0%, 3.3%, 2.5% with a VBO bowing parameter of 1.06 eV. A smaller VBO bowing parameter of 0.70 eV implies a transition from type-I to type-II near y ∼ 0.30. While this appears to be more consistent with the PL data, it also leads to greater deviation of the predicted transition energies from the experiment. The transition energies could be influenced by several different mechanisms, such as atomic ordering [22, 23] , spinodal decomposition [24] , donor-acceptor pair (DAP) recombination [12, 13] and grading of interface transitional layers [8, 16] . The material parameters from [20, 21] were also used to model the indirect and direct energy gaps for sample E. The conduction band offset ( E cb ) calculated for this sample at 30 K is 307.6 meV, with type-II and type-I transition energies of 528.9 meV and 836.5 meV, respectively. The corresponding experimental transition energies are 732.19 ± 0.11 and 797.22 ± 0.22 meV. We find that a simple adjustment of the conduction band offset is not sufficient to fit sample E's PL emission behaviour.
Perhaps in-plane composition fluctuations in the GaAs 1−y Sb y QWs were more exacerbated in this structure with high compressive strain (i.e. high Sb content). Further studies are required to clarify these discrepancies.
Conclusions
Pseudomorphic GaAs 1−y Sb y /InP (0.16 y 0.69) QWs grown by MOCVD were characterized to determine the electronic band line up and associated optical properties. TEM, XRD and EMPA studies confirmed the layer thicknesses and Sb concentrations. The low-temperature PL data reveal different spectral features for QWs with low and high Sb contents. A ten-band k · p Hamiltonian is used to simulate the interband optical transition energies and compare with the PL spectra. The resulting model indicates that the GaAsSb/InP QWs exhibit a type-II alignment for Sb concentration greater than ∼0.30. For GaAs 1−y Sb y QWs with higher Sb-content, there is significant deviation between the measured transition energies and the k · p based theory, possibly a consequence of a non-ideal interface and/or a heterogeneous ternary well.
